In the present investigation, the effect of arbuscular mycorrhiza (AM) fungal root colonization on nutrient uptake, growth and soil water depletion of cowpea plants exposed to a drought stress period was studied in a greenhouse experiment. Arbuscular mycorrhizal and non-AM plants of an old, local variety from Brazil 'Carioca', and of the breeding improved cultivar 'Epace-10' were exposed to 24 days of drought, with or without a subsequent period of water resupply. Control plants remained well watered throughout the growth period. The AM symbiosis greatly enhanced nutrient uptake of drought stressed plants. However, water uptake, growth and net photosynthesis were unaffected by AM root colonization during drought stress. Recovery after water resupply was much faster when plants were inoculated with AM, probably due to an improved plant nutritional status. The cultivar Epace-10 was much more dependent on the AM symbiosis for growth and nutrient uptake compared with Carioca in all irrigation treatments. Only when roots were AM colonized, Epace-10 plants were able to recover from drought stress after water resupply. Our study suggests that the AM symbiosis constitutes an important strategy by which leguminous plants overcome periods of drought. Under conditions of low soil water and P availability, the presence of AM fungal propagules in the field soil appears to be a prerequisite for successful cultivation of cowpea, particularly with respect to the breeding improved cultivar Epace-10.
‫هﺎﻣﺒﻮﻟﺪت،‬ ‫ﺟﺎﻣﻌﺔ‬ ‫اﻟﻤﺤﺎﺻﻴﻞ،‬ ‫ﻋﻠﻮم‬ ‫ﻋﻠﻮم‬ ‫ﻗﺴﻢ‬

Introduction
Cowpea is an economically important staple food crop in many semiarid regions of the tropics and subtropics, grown mainly by subsistence farmers under low input of agrochemicals or irrigation water (Timko and Singh, 2008) . With a protein content of above 20%, cowpea beans and leaves constitute a nutritionally valuable component of the diet of the rural population in many parts of sub-Sahelian Africa and South America (Silva-Barbeau et al., 1998; Kabas et al., 2007) . Due to its ability to produce rewarding yields even under adverse soil conditions such as Al toxicity, poor nutrient availability or drought (Kolawole et al., 2000; Labuschagne et al., 2008) , cowpea is frequently cultivated on land only marginally suitable for crop production.
Drought limits plant growth on a large proportion of the world's agricultural land. Under low levels of soil moisture, not only water but also nutrient availability may be severely decreased when compared with well watered conditions (Gahoonia et al., 1994) . Plants adapted to arid and semiarid ecosystems have evolved a broad variety of strategies to withstand periods of drought stress. These include high internal water and nutrient use efficiencies as well as facilitation of water and nutrient uptake from dry soil (Bray, 1997) . To manage and make use of these plant adaptations in agricultural plant production may be a way to secure yields and to reduce input of irrigation water and fertilizer in arid and semiarid agroecosystems (Davies et al., 2002; Passioura, 2007) .
The symbiosis of plant roots with AM fungi is known to be one of the most ancient and widespread plant strategies to enhance nutrient acquisition and to cope with environmental stress (Brachmann and Parniske, 2006) . The intra-radical mycelium of these soil fungi proliferates in the root cortex of the host plant. Extraradical AM hyphae spread in the soil around the root and provide the surface area by which the AM fungus absorbs nutritional elements such as phosphorus (P), nitrogen (N), zinc (Zn) or copper (Cu) for transport and transfer to the host plant (George, 2000; Smith and Read, 2008) .
Roots of plants native to arid and semiarid ecosystems often show high levels of AM fungal root colonization, indicating a considerable relevance of the symbiosis for plant performance under water limitation (Chaudhry et al., 2005; Shi et al., 2006; Tchabi et al., 2008) . Recent studies have indeed shown that the extra-radical AM mycelium is able to transfer water to its host plant under conditions of low soil moisture (Marulanda et al., 2003; Khalvati et al., 2005) . Whether amounts of water transported via the AM hyphae network are large enough to significantly contribute to plant performance under drought is discussed controversially (George et al., 1992; Koide, 1993) . Better maintenance of cell turgor as well as higher net photosynthesis, water use efficiency (WUE) and growth have frequently been observed in AM colonized plants compared with non-AM controls exposed to drought (Augé, 2004) . These effects have sometimes been attributed to an improved P or N nutritional status of AM plants (AlKaraki and Clark, 1998; Neumann et al., 2009 ), but may also occur irrespectively of AM contribution to plant nutrient http://cfa.uaeu.ac.ae/ejfa.shtml uptake (Porcel and Ruiz-Lozano, 2004; Pinior et al., 2005) .
More than 80% of all studies conducted on plant/AM interactions under drought showed improved performance of AM colonized compared with non-AM treatments (Augé, 2001 ). However, in many previous studies plants were exposed to relatively short (7-14d) periods of drought before harvest (e.g. Schellenbaum et al., 1998; Porcel and Ruiz-Lozano, 2004; Augé et al., 2007) . Under field conditions, drought periods may prevail longer and lead to a continuous decrease in the soil moisture level over time. Drought periods are also often temporarily limited, and the ability of the plant to rapidly recover after water resupply may be important in terms of yield. The aim of the present study was therefore to compare the performance of AM and non-AM cowpea plants exposed to a longer period of drought, with or without subsequent resupply of water.
Breeding improved plant cultivars have often been shown to exhibit higher growth and nutrient uptake compared with old varieties under optimum growth conditions as well as under environmental stress such as low nutrient supply or drought (Abeledo et al., 2003; Guarda et al., 2004) . Previous investigations have shown that different cultivars of the same plant species can differ considerably in the extent by which they benefit from the AM symbiosis under well watered conditions (Eason et al., 2001; Linderman and Davis, 2004) , but only few studies compared improved and old crop varieties (Hetrick et al., 1992; Graham et al., 1997) . Almost nothing is known about whether improved cultivars and old varieties differ in the extent by which they depend on the AM symbiosis for growth and nutrient uptake under dry soil conditions. Therefore we compared plants of an old, local cowpea variety from Píaui, Brazil with the breeding improved cultivar 'Epace-10' in our study. To establish AM (+M) plants, a 2:1 (w/w) mixture of inoculum of the AM fungi Glomus intraradices (BEG 110) and Glomus mosseae (BEG 107) was homogeneously mixed with the soil. The Inoculum, representing 6% w/w of the growth substrate, consisted of AM colonized root pieces and adhering airdried soil containing extraradical AM mycelium with spores. It had been propagated in open pot culture on onion and potato plants using the same soil as described above. The inoculum for the non-AM control treatments (-M) was filtered with deionised water (70 ml per 50 g dry inoculum through Blue Ribbon filter paper, Schleicher and Schüll, Germany) before being autoclaved. The filtrate was added to the soil of the -M treatments to encourage a microflora similar as in the +M treatments.
Materials and Method
Seeds
The plants were grown for six weeks before they were transplanted with their complete root bale into larger square planting pots (1.7 L, Goettinger, Germany) filled with 1500 g/1.3 g cm -3 of the same dry soil as described above. The soil for the larger planting pots was fertilized in the same way as the soil used for precultivation, but did not receive AM inoculum.
During precultivation and the first 36 days after transplanting, water loss from the planting pots was estimated gravimetrically at least once per day, and replaced with deionised water to maintain an average soil water content of approximately 22% w/w. Thereafter, water supply was either maintained at this level (well watered treatments, WW), or decreased to impose drought stress (DS). At the beginning of the drought stress period, both plant genotypes were about to start flowering. Throughout a drought stress period of 24 days, DS plants were temporarily wilted but not irreversibly damaged. The soil water content in the DS pots was assessed by time domain reflectometry (TDR; TEKTRONIX, 1502 C/Tektronix Oregon, United States) according to Roth et al. (1990) . A 12 cm head with three pins was installed in each root compartment. The soil water content was measured at least once per day before plants were watered, and the soil water content after watering was calculated from the amounts of water added to the pot. The mean soil water content was estimated by averaging these two values, assuming that the depletion of water from the soil between the irrigation intervals was approximately linear. At the end of the drought stress period, DS plants were either harvested or water was resupplied (WR) to the soil and maintained at the same level as in the WW treatments for another 18 days before harvest. Four replicates were prepared of each irrigation and AM inoculation treatment.
The experiment was conducted in a glasshouse at the Hohenheim University in Stuttgart, Germany (48°25`N, 9°11`E) under ambient light supply from July to October. Leaves lost over the growth period were collected for each plant and dried at 65 °C in a drying oven before their dry weight (DW) was estimated.
One week after initiation of drought stress and one week after water resupply, net photosynthesis, leaf water conductivity and leaf transpiration were measured between two and four hours after sunrise over an area of 5 cm² on the second youngest fully expanded leaf. The photosynthesis measuring system used (HCM 1000, Walz, Germany) employed infrared gas analysis to determine concentrations of CO 2 and H 2 O according to Auble and Meyers (1992) . The temperature in the measuring cuvette was 26 °C and the leaf surface was irradiated with 800 µmol photons m² s -1 . At time of harvest, the roots were washed from the soil and a representative sample of 0.2 g fresh weight was taken from each plant root system. Samples of plants of the same genotype and treatment were pooled before the AM fungal colonized root length was assessed by a modified intersection method (Tennant, 1975; Kormanik and Mc Graw, 1982) . Intraradical fungal structures were stained with trypan blue in lactic acid (Koske and Gemma 1989) . Between 300 and 350 intersections were counted per sample.
The plant material was dried at 65 °C in a drying oven. After their DW was estimated, shoots, roots, and leaves lost over the growth period were analysed for their P, N, K, Cu and Zn concentration separately. Samples of 200 mg of ground plant material were dry ashed at 500 °C, oxidised with 5 ml of 1:3 diluted HNO 3 and taken up into 25 ml of 1:30 diluted HCl. Phosphorus concentrations in the samples were analysed colorimetrically with a spectrophotometer (U 3300, Hitachi, Japan) at 436 nm wavelength after staining with ammonium -molybdate -vanadate solution (Gericke and Kurmies 1952) . Potassium concentrations were quantified by a flame photometer (ELEX 6361, Eppendorf, Germany). Concentrations of Cu and Zn were measured by atomic absorption spectrometry (AAS; ATI Unicam 939/ Solaar, Thermo Electron, United States). An autoanalyser (Elementar Vario MAX CN/ Elementar Analysesysteme, Germany) was used to determine N concentrations in the plant material. Ground samples of 500 mg were combusted at 1125 °C, and release of gaseous N was quantified by gas chromatography as described by Thieme (1964) .
Statistics were calculated using the SigmaStat 2.03 Programme. Due to the earlier harvest of the DS treatment, data obtained for these plants after harvest could not be directly compared with corresponding values for WW and WR plants. The Three Way Analysis of Variance (ANOVA) performed on data obtained after plant harvest thus excluded values of DS plants.
Results
Soil water content and evapotranspiration throughout the growth period
Throughout the drought stress period the soil water content in the DS pots gradually decreased from approximately 15% to less than 9% in both cowpea genotypes (Figure1). The soil water content in DS treatments was not different depending on whether plants were AM inoculated or not. The extent by which +M and -M plants of the DS treatment depleted the soil of water between the irrigation intervals did not differ significantly (t-test, P < 0.05; data not shown) throughout the drought stress period. Values for nonmycorrhizal plants did not significantly differ from those of corresponding mycorrhizal treatments (t-test; P < 0.05).
Arbuscular mycorrhiza effects on evapotranspiration generally appeared to be larger for Epace-10 compared with Carioca (Figure 2 ). During the drought stress period +M plants of the genotype Epace-10 showed a higher evapotranspiration compared with the corresponding -M treatment when they remained WW. Continuously well watered Carioca plants showed a higher daily evapotranspiration in response to AM inoculation only during the last three weeks before harvest.
When exposed to dry soil, plants of both genotypes did not differ in their evapotranspiration depending on whether they were AM inoculated or not. However, when DS plants were resupplied with water, daily evapotranspiration of mycorrhizal WR plants far exceeded that of corresponding -M treatments until the time of harvest. The relative difference in evapotranspiration between +M and -M plants was much larger in WR compared with WW plants in both cowpea genotypes. Photosynthetic activity during drought stress and after water resupply One week after the beginning of the drought stress period, DS plants showed a slight decrease in net photosynthesis, leaf conductivity and leaf transpiration compared with the WW controls (Table  1) . In both genotypes WW as well as DS plants had a higher net photosynthesis when they were -M instead of +M.
One week after water resupply net photosynthesis, leaf water conductivity and transpiration did not differ between +M and -M plants of the WW treatment. The mycorrhizal WR plants, however, showed higher values compared with the corresponding -M treatments. This effect appeared to be more pronounced in Epace-10 compared with Carioca.
Plant dry weight, shoot/root-ratio and water use efficiency
Plants of the local variety Carioca generally had a higher biomass and a lower shoot/root-ratio compared with Epace-10 ( Table 2 ). The total DW of the DS plants was not different depending on whether they were AM or not. However, WW and WR plants showed a much higher DW when they were +M instead of -M in both genotypes. The shoot/rootratio was decreased in response to AM inoculation in WW and WR plants. In DS treatments, the shoot/root ratio was either unaffected (Epace-10) or increased (Carioca) in response to AM root colonization. Leaf loss was not different between +M and -M plants of the DS treatment. During the period of water resupply leaf loss from the WR plants was much higher when these were -M instead of +M in both genotypes. In the WW treatments leaf loss was also decreased by AM inoculation.
The two cowpea genotypes did not differ much in their WUE. There was also no big difference in WUE, depending on the irrigation treatment. While AM inoculation generally had a positive effect on WUE of Epace-10 plants, there was no or even a negative effect of AM root colonization on WUE of Carioca.
The extent of arbuscular mycorrhiza fungal root colonization at the time of harvest
The AM fungal colonized root length in percent of the total root length appeared to be largely unaffected by the irrigation treatment in Carioca, where values for WW, DS and WR plants were 54%, 49% and 54%, respectively. In Epace-10, values appeared to be slightly positively affected by drought stress. Values for WW, DS and WR plants were 45%, 67% and 59%, respectively. No AM fungal root colonization was observed in the -M treatments. No nodules indicative of the formation of a symbiosis with Rhizobia were observed.
Total plant nutrient uptake and concentrations of nutritional elements in the shoot tissue
Total uptake of P, K, N and Zn was generally higher for Carioca compared with Epace-10 plants (Table 3) . Arbuscular mycorrhizal root colonization strongly increased total plant P uptake compared corresponding -M plants in all irrigation treatments. During the period of water resupply, mycorrhizal WR plants almost doubled their P content compared with the plants harvested by the end of the drought stress period. The P uptake of nonmycorrhizal WR plants during the period of water resupply was only small.
In Epace-10, total K uptake was increased by AM root colonization in the WW and WR plants. Plants of this genotype also responded to AM inoculation with an increased uptake of N and Zn in all irrigation treatments. An effect of AM inoculation on the uptake of K and N was much smaller (K) or absent (N) in Carioca. This was mainly due to a higher nutrient uptake of -M plants of this variety compared with Epace-10. Uptake of Zn and Cu was generally lower for WR compared with WW plants. Inoculation with AM fungi increased total uptake of Zn and Cu in both genotypes.
Arbuscular mycorrhizal plants of both genotypes generally had more than two times higher shoot P concentrations compared with the corresponding -M treatments (Table 4) . Differences in concentrations of other elements were much smaller between -M and +M plants. Arbuscular mycorrhizal Epace-10 plants of the DS treatment had significantly higher shoot concentrations of N and Cu compared with the corresponding -M treatment. Such an effect was not observed in Carioca plants.
Discussion
The results of our study cannot confirm earlier reports of deeper depletion of dry soil for water by +M compared with -M roots (Okon et al., 1996; Khalvati et al., 2005) . However, it cannot be ruled out that +M and -M plants differed in their time-course of depleting water between the irrigation intervals in our study. Not only plant but also AM fungal genotypes appear to differ considerably in their particular adaptations to dry soil conditions (RuizLozano et al., 1995; Marulanda et al., 2007) . Thus it is possible that the ability of the AM symbiosis to contribute to plant water uptake depends on the environmental conditions as well as the AM fungal strains and plant genotypes involved. 
Nonmycorrhizal (-M) or mycorrhizal (+M) plants of the improved cultivar Epace-10 or the local variety Carioca from Brazil were either well watered throughout the growth period (WW), or exposed to a drought stress period (DS) with subsequent resupply of water (WR). Shown are the mean values ± standard deviations. Mean values for -M plants followed by a star are significantly (t-test; P < 0.05) different from corresponding values for +M treatments. The right part of the table shows the results of the Three Way ANOVA. The significant (P < 0.05) influence of the plant genotype (G), the irrigation treatment (W) or mycorrhizal inoculation (M) is indicated by a black dot. Statistical interpretation of the main effect of a factor was not performed in case the size of the factor's effect depended upon the level of another factor (= significant interaction). Significant interactions between factors are indicated in the last column of the Compared with standard values cited by Bergmann (1992), concentrations of P in the shoot tissue of -M plants were generally indicative of severe deficiency, while the P status of +M plants was in a sufficient range. Levels of N and K were also in a low but probably not yet growth limiting range, while supply with Zn and Cu was sufficient.
Despite a higher P and N nutritional status, +M plants did not show an increased net photosynthesis compared with -M controls under dry soil conditions, and the WUE of DS plants in our study was either unaffected or slightly decreased by AM fungal inoculation. This suggests that under drought, performance of +M and -M plants was similarly limited by water availability. These findings cannot confirm earlier studies where an improved internal WUE, maintenance of higher rates of leaf elongation or higher rates of net photosynthesis were reported for AM compared with non-AM plants under conditions of drought (Osonubi, 1994; Duan et al., 1996; Aroca et al., 2008) .
Though the cowpea plants in our study did not benefit from AM inoculation in terms of better plant growth under drought conditions, +M treatments of both genotypes recovered much faster after water resupply compared with -M plants. With a diameter of only 2 to 15 µm, AM fungal hyphae have access to small soil pores which remain filled with soil solution even under low soil moisture regimes (Faber et al., 1991) . This may better enable them to take up not only water, but also nutrients from dry soil compared with plant roots. A high contribution of AM fungi to plant uptake of P and N under dry soil conditions has been reported previously (Subramanian and Charest, 1999; Neumann and George, 2004) . Higher concentrations of P and N in the tissue of +M compared with -M plants harvested by the end of the drought stress period suggest that AM fungi might have contributed to the uptake of nutritional elements from dry soil in our experiment. However, the plants were able to use this additional supply of nutrients for better growth only after water availability was no longer limiting photosynthesis and tissue expansion. A faster recovery of +M compared with -M plants after water resupply was apparently mainly due to an improved nutritional status of +M plants. Much lower daily evapotranspiration observed in -M compared with +M treatments after water resupply were probably the result of higher leaf loss and lower growth rates in -M plants suffering severe P deficiency.
As obligate biotrophs, AM fungi depend on the supply with plant carbohydrates for survival (Bago and Bécard, 2002) . When plant photosynthesis is limited by drought, amounts of carbohydrates transferred to the AM symbiosis may decrease. However, negative as well as neutral or positive effects of drought stress on intraand extraradical development of the AM symbiosis have been reported (Fagbola et al., 2001; Staddon et al., 2003; Khalvati et al., 2005) . During the three weeks of water resupply, +M WR plants almost doubled their P content compared with the +M plants harvested by the end of the drought stress period. Only a much smaller increase in P content could be observed in the corresponding -M treatments. This may suggest that the AM hyphae well survived the drought stress period and became particularly active in nutrient uptake immediately after water resupply. The results of the estimation of the AM fungal colonized root length also do not point to a negative effect of a low soil moisture regime on AM development in the present study. For treatment abbreviations and statistics see Table 1 In our experiment where plants grew in a soil with a low availability of P, K and N, the local cowpea variety Carioca achieved higher DW and acquired larger amounts of mineral nutrients from the soil compared with Epace-10 in all irrigation treatments. Our results thus do not support earlier findings where a better growth and nutrient uptake of breeding improved plant genotypes under limited supply of nutrients was reported. The performance of Epace-10 was particularly poor when plants of this cultivar were -M. Differences in growth and nutrient uptake between +M and -M plants were smaller for Carioca compared with Epace-10. These findings point to a higher dependency of Epace-10 compared with Carioca on the AM symbiosis for growth and nutrient uptake under conditions of drought and/or low nutrient availability. The lower shoot/root-ratio of Carioca may indicate that these plants had a higher nutrient absorptive root surface. It has been shown previously that plant dependency on the AM symbiosis for nutrient uptake increases with decreasing root surface (Schweiger et al., 1995; Khalil et al., 1999) .
Conclusion
Our results suggest that plants benefit from the AM symbiosis under dry soil conditions mainly in terms of an improved nutrient uptake. This may greatly facilitate the recovery of plants when water is resupplied. Our results further demonstrate that the breeding improved cowpea cultivar Epace-10 is strongly dependent on the association with AM fungi for growth and nutrient uptake on a dry soil with a low nutrient availability. Plants of this cultivar were only able to recover from a period of drought when AM colonized. Mycotrophic plants may greatly benefit from root colonization by AM fungi in terms of growth and nutrient uptake when exposed to temporarily limited periods of drought. It is recommended to monitor AM root colonization of such plants in the field, and to inoculate the soil with drought tolerant AM fungal strains in case the naturally occurring AM infective potential should be too low to initiate appropriate symbiosis development. 
